Objective. To examine the extent of the health risks of consuming multiple medications among the older population. Data Sources/Study Setting. Secondary data from the period 2004-2006. The study setting was the province of Ontario, Canada, and the sample consisted of individuals aged 65 years or older who responded to a national health survey. Study Design. We estimated a system of equations for inpatient and emergency department (ED) services to test the marginal effect of medication use on hospital services. We controlled for endogeneity in medication use with a two-stage residual inclusion approach appropriate for nonlinear models. Principal Findings. Increased prescription drug use has the effect of increasing the likelihood of both being admitted into hospital and visiting a hospital ED. Each additional medication is associated with a 2-3 percent increase in the likelihood of hospitalization and a 3-4 percent increase in the likelihood of an ED visit, after controlling for past utilization, health status, the endogeneity of medication use, and the unobserved factors that may affect the use of both services. Conclusions. Multiple medications appear to increase the risk of hospitalization among seniors covered by a universal prescription drug plan. These results raise questions about the appropriateness of medication use and the need for increased oversight of current prescribing practices. Key Words. Prescription drugs, hospitalization, instrumental variable, seniors, Ontario Pharmaceutical expenditures are showing signs of slowing in high-income countries; however, the consumption of pharmaceuticals continues to increase over time (OECD 2015) . Among three of the most common drug categoriesantihypertensives, antidepressants, and antibiotics-consumption has nearly doubled between 2000 and 2011 across OECD countries, while the consumption of anticholesterol medications has tripled over this same time period
. More than half of the populations in 9 of 11 high-income countries surveyed by the Commonwealth Fund reported taking at least one prescription drug regularly (52 percent in the United Kingdom, 56 percent in Canada and the Netherlands, and 61 percent in the United States) (Squires 2011) .
The continued increase in pharmaceutical consumption raises concerns about adverse health effects and the related costs to the health system. While there are clear health benefits of prescription therapies, multiple-medication use may also have deleterious consequences for health. A number of studies have found an increased risk of adverse drug events associated with an increase in the number of drugs taken (Lazarou, Pomeranz, and Corey 1998; Patel et al. 2007; Zed et al. 2008; CIHI 2013) . The risks associated with multiplemedication use are well documented (Kroenke and Pinholt 1990; Tamblyn et al. 1994) , especially among older people where it is more common (Ramage-Morin 2009). However, the challenge with estimating the effects of additional drugs on health outcomes is that the variable of interest, the number of different drugs, is likely to be endogenous: there are likely to be characteristics related to the health of the individual that simultaneously predict both the number of drugs he or she consumes and his or her use of other health services and broader health outcomes.
Some studies in the U.S. context have attempted to address this methodological challenge by using difference-in-difference, matched cohorts, and instrumental variables (IVs) approaches. These studies have found that, contrary to what we might expect given the risks of increased drug use, increased drug coverage, and consumption had a negative effect on hospital service utilization. For instance, Afendulis et al. (2011) considered the impact of Medicare Part D-which increased the share of Medicare beneficiaries with prescription drug coverage-on hospitalization rates. Using a difference-indifference approach on the implementation of Medicare Part D, the authors found increased drug coverage associated with Medicare Part D reduced hospital admissions. Meanwhile, Soumerai et al. (1991) used a matched cohorts approach and found that decreased Medicaid coverage increased admission to nursing homes, but it had no effect on risk of hospitalization. The effect of holding drug coverage may be to convert people who needed medications from nonusers to users. However, another recent study in the United States looked at the actual number of different drugs taken by a population of older adults and found similar protective effects. Specifically, Stuart, Doshi, and Terza (2009) analyzed the impact of prescription drug use on hospitalization costs for Medicare beneficiaries. The authors utilized a two-part model to estimate hospital admission and hospital spending and found that drug use is associated with reduced hospital costs.
It is possible that these findings are related to institutional factors associated with insurance for prescription drugs in the United States. In this study, we aim to build on the existing literature by quantifying the health risks of multiple-medication use on the use of inpatient and emergency department (ED) services among seniors in Ontario, Canada (Canada's most populous province). We focus on Ontario because health care funding and delivery is a provincial responsibility, and coverage can vary across provincial jurisdictions. In Ontario, physician and hospital care is free at the point of service, and universal drug coverage is provided to all residents who are 65 years of age or older with minimal cost sharing. In this study, we focus specifically on this population.
Canada is an ideal context in which to study the risks associated with multiple-medication use. In Canada, prescription drug consumption is particularly high compared to other countries. Between 1999 and 2009, the number of prescription medications dispensed by community pharmacies nearly doubled (Health Council of Canada 2010). In 2011, the OECD reported that Canada consumed above the OECD average amount of hypertension drugs, anticholesterols, and antidiabetics; and the consumption of antidepressants in Canada is the third highest among OECD countries (OECD 2013a,b) . Furthermore, 17 percent of Canadians report taking four or more prescription drugs regularly-higher than most European countries surveyed, but lower than the United States, which is at 25 percent (Squires 2011) . As in other countries, the use of prescription drugs increases significantly with age. While nearly all seniors living in institutions were taking at least one type of medication, over three quarters of those living in a private household were taking at least one type of medication (Ramage-Morin 2009). In 2012, about 60 percent of seniors in Canada were taking five or more different drugs, while 27 percent were taking 10 or more drugs and over 8 percent were taking 15 or more different drugs in that year (CIHI 2014) .
While previous studies have demonstrated the risks of multiple-medication use in the Canadian context, this study innovates in three ways. First, it examines the marginal risk of hospitalization and ED visits among a population of seniors who are universally covered with prescription drug insurance. Second, we follow previous U.S. studies by controlling for the endogeneity of drug utilization with a two-stage IV approach. Third, we estimate a system of equations for hospitalization and ED utilization in order to account for unobservable factors that may simultaneously explain the likelihood of both being hospitalized and visiting an ED.
We find that multiple-medication use is indeed associated with increased likelihood of utilization of hospital services, and that this effect is robust to a series of sensitivity analyses. We estimate that the average marginal effect of each additional prescription is between a 2-3 percent increase in the likelihood of hospitalization and a 3-4 percent increase in the likelihood of an ED visit. This modest but significant effect of taking an additional drug on hospital use signals the need for greater oversight of current prescribing practices among the senior population. It also suggests the need for further work using more detailed clinical data to disentangle the reasons for increased risk of drug use and possible interventions to reduce multiple-medication use.
METHODS

Data
The data for this study come from two linked sources that capture individuallevel information. We used the 2005 Canadian Community Health Survey (CCHS), which is collected by Statistics Canada-the statistics and analytics agency of the Canadian federal government-and is a random and representative survey of the Canadian population 12 years and older, living in private dwellings. The 2005 survey was chosen because it contained information on insurance coverage, which we tested as an IV. The CCHS excluded those living on Indian Reserves or Crown lands, residents of institutions, full-time members of the Canadian Armed Forces, and residents of some remote regions. However, these exclusions comprised approximately 2 percent of the Canadian population. The CCHS captured a wide range of self-reported information, including demographic, socioeconomic, health, and behavioral variables.
Approximately 87 percent of CCHS respondents provided their government-issued health insurance number, which allowed their survey responses to be linked with administrative health data. We used linked administrative data at the Institute for Clinical Evaluative Sciences (ICES)-a government-funded, arm's-length research institute in Toronto, Ontario, which Increased Medication Use among Seniorshouses administrative health data for the province. We used records on physician, hospital, and pharmaceutical claims for 1 year before and 1 year after the 2005 CCHS was administered. Pharmaceutical claims data were obtained from the Ontario Drug Benefit (ODB) program, which provides universal drug coverage to Ontario residents who are 65 years of age or older. Our study sample focused on the ODB eligible population, and it included all Ontarians 65 years of age and older who were captured by the 2005 CCHS and were linkable to administrative data via a health insurance number. This study was approved through the ICES research ethics approval process.
Empirical Model and Estimation Strategy
Our dependent variables were the following: ED = 1 if the individual had at least one ED visit in the past year, and 0 if not; hospitalization = 1 if there was at least one hospitalization in the past year, and 0 if not. We listed our independent variables in Table 1 . Our key variable of interest was the number of unique prescriptions assigned to an individual. One of the key empirical issues that we needed to address in our study was the potential endogeneity of this variable. We suspected that there was a simultaneous relationship between outcome variables (utilization of hospital services) and the number of unique drugs prescribed. One of the most effective methods for addressing potential endogeneity of regressors is to use an IV (Grootendorst 2007) . However, given our model was nonlinear, typical two-stage predictor substitution (2SPS) methods for estimating IV models was not appropriate. Terza, Basu, and Rathouz (2008) demonstrated that 2SPS is not consistent when estimating nonlinear outcomes. Instead, these authors recommend a two-stage residual inclusion (2SRI) approach, which they demonstrate is consistent in the nonlinear context. The 2SRI method involves the estimation of a two-stage model, where the residuals from the first stage are included as regressors in the second stage.
The 2SRI approach still requires the identification of a suitable IV. In order for our IV to be suitable, it had to be both strong (i.e., highly predictive of the endogenous regressor) and valid (not correlated with the unobserved component of the error term in the outcome model) (Staiger and Stock 1997) . A systematic review of the use of IVs in prescription drug research identified 26 studies and five types of IVs, including regional variation, facility prescribing patterns, physician preference, patient medical history, financial status (including insurance coverage), and calendar time (Chen and Briesacher 2011) . A U.S. study by Stuart, Doshi, and Terza (2009) insurance as an instrument for medication use. However, we tested the suitability of insurance coverage and found that it was not significantly associated with the endogenous variable, controlling for other factors. This may be because private insurance serves as a top-up insurance to the public plan in the Ontario context, and it largely covers the copayments of publicly funded drugs and the cost of drugs that are not listed on the provincial formulary (Paterson et al. 2008 ). Instead, we considered two measures of prescribing patterns as our instrument. Previous studies have used similar instruments for prescription drug use (Salkever, Slade, and Karakus 2006; Dudl et al. 2009 ). The first was prescriber volume, or the total number of unique drugs prescribed by each patient's most responsible prescribing physician in the previous year, standardized by the total number of patients seen by that provider in a year. The most responsible prescribing physician was determined by assigning each patient to the physician that most frequently prescribed drugs to that patient in a year. The rationale for prescriber volume was that the prescribing behavior of an individual's most responsible physician is likely correlated with the number of unique drugs consumed; however, it should not directly impact nondrug health service utilization. The assumption was that individuals do not choose their physician based on their prescribing behavior. We believed this was a reasonable assumption as information about prescribing volume was not accessible to the patient. If some physicians specialize by treating patients at higher risk of nondrug utilization, then the correlation between physician prescribing volume and the observed and unobserved health of their patients may bias the second-stage coefficient on the number of drugs the patient takes. However, the majority of Ontario's primary care physicians-who do the majority of prescribing in Canada (Health Council of Canada 2010)-provide care to a geographic population and do not specialize in providing care to sicker populations. To demonstrate this, we used data on all primary care physicians in Ontario for the 2010/11 fiscal year to find physicians with a disproportionate number of patients with high Resource Utilization Band scores -a measure of expected utilization based on the Johns Hopkins Adjusted Clinical Group (ACG) system-and 10 or more aggregated diagnostic groups (ADGs)-a measure that groups ACGs into diagnosis categories (The Johns Hopkins University 1997). We found 5-7 percent of physicians at points greater than 1.5 times the interquartile range. This suggests that the primary care physician population in Ontario is fairly homogenous in its care for sicker patient populations. It is also worth noting that there are some specialized primary care models in Ontario (e.g., Community Health Centres); however, these models capture less than 5 percent of the population (Glazier, Zagorski, and Rayner 2012) .
The second IV we considered was the number of prescribing physicians assigned to each patient in a year. The rationale for this IV was that it should be highly correlated with polypharmacy, particularly if multiple providers are uncoordinated in their use of prescriptions, which could create greater opportunities for error. However, the number of prescribers a patient has should not be directly related to his or her risk of ED visits and hospitalizations. In addition, unlike prescriber volume, we do not have the same concerns about unobserved prescriber characteristics that may be associated with our outcomes (e.g., disproportionately treating sick/high-risk patients). As a sensitivity and robustness check, we report the results for both IVs in our analysis.
Econometric Model
The dependent variable in our first stage is a count variable for the number of unique prescription drugs. We estimated the following model using a negative binomial estimator:
where d i denotes the distributional mean for the count of unique drugs, p denotes the IV (either a vector of dummy variables for prescriber volume quartiles, or the number of prescribers), s denotes a vector of socioeconomic variables, h denotes a vector of health and health behavior variables, and x denotes a vector of demographic variables. We estimated this model using the glm command in Stata 13.
Socioeconomic variables included income quintile, which was based on self-reported total household income. We also included a dummy variable for whether an individual was enrolled in the low-income drug program, which is an annual government program that provides benefits to Ontario residents who have total household incomes below a set threshold (during the time of the analysis, the threshold was set at $16,018 for a single person, and $24,175 for a couple). We also included a dummy variable for postsecondary education, home ownership, and whether the individual is married; these variables were obtained from the self-reported CCHS.
The health status and health behavior variables included a dummy variable for poor self-reported health obtained from the CCHS and a categorical variable for the number of ADGs assigned to each patient. ADGs were based on the ACGs developed at Johns Hopkins University. The ACG system groups patients into clinically consistent categories based on diagnoses. The ADG assigns ACGs into 32 diagnosis categories. We also included dummy variables for whether individuals were overweight, had never smoked, and had access to private medical insurance for services not covered by the public health insurance plan. These variables were obtained from the CCHS. From the administrative dataset, we were able to obtain information on past utilization of health care services, including the number of hospitalizations, ED visits, and physician claims in the previous year.
Finally, we included a number of demographic characteristics, including the following: female, age group, the region-or Local Health Integration Network-where the individual is located, and whether he or she was born in Canada.
In our second-stage estimation, we adopted Zellner's Seemingly Unrelated Regression (SUR) model (Zellner 1962) approach and estimated a bivariate probit model using the user-generated command, biprobit in Stata 13.
where j represents the equation number, and b w represents the residuals from the first-stage regression. This two-stage approach allowed us to simultaneously estimate our outcome variables: probability of a hospitalization and ED visit. We used a SUR model because we wanted to account for possible correlation between the error terms (e ij ) as the unobservables affecting ED visits and hospitalization may be highly correlated. Although the coefficient parameters in these models can be consistently estimated using separate probit regressions, if there is correlation between them, taking account of it by estimating them jointly via the bivariate probit method will increase the efficiency of the estimates (Greene 2003; Bhattacharya 2004) . We included all of the exogenous variables as well as the stored residuals from our first-stage estimation in our second-stage estimation. In all estimations, we used bootstrapping with 300 iterations to obtain the standard errors.
RESULTS
Descriptive Statistics
Our sample included 6,181 observations (Table 1 provides descriptive statistics for this sample). With respect to our outcome variables 30 percent of our sample had at least one ED visit and 14 percent had at least one hospitalization in the 12-month period following the CCHS survey. In addition, individuals in our sample consumed nearly seven unique drugs, on average, over this same period. This observed average drug use is consistent with what has been documented in other studies and in other Canadian jurisdictions (in 2012, seniors consumed an average of seven unique drugs) (CIHI 2014).
First-Stage Estimation
Our first-stage estimates are listed in Table 2 . The results of this model suggest that both of our IVs were significant predictors of the number of unique drugs. We computed a Wald statistic of 433.90 (p < .001) for prescriber volume and 968.27 (p < .001) for the number of prescribers. This suggests our IVs are strong predictors of the number of unique drugs prescribed (Staiger and Stock 1997) . All levels of prescriber volume were positive and statistically significant, with the coefficients increasing in magnitude with increasing prescriber volume. In addition, the number of prescribers was also positive and statistically significant. Being in the low-income drug program, the number of physician claims in the previous year, being female, age, being overweight, and having poor self-assessed and diagnosed health were all associated with increased drug consumption. Meanwhile, education, home ownership, hospital utilization in the previous year, and having never smoked were negatively associated with the number of unique drugs consumed.
Second-Stage Estimation
Our key result of interest was that the number of unique drugs consumed was found to be a significant predictor of ED visits and hospitalization. We computed average marginal effects (see Table 3 ) and found that each additional unique drug increased the probability of ED visit by between 3 and 4 percent. The effect was smaller for hospitalization, at 2-3 percent. To test whether this effect varies with the number of drugs taken, we also calculated the average marginal effects for each number of different drugs. Table S1 provides the detailed results for our second-stage estimation for the bivariate probit. It is important to note that individual responses to our IVs were heterogeneous (i.e., individuals vary in their reaction to prescriber volume and/or the number of prescribers). Therefore, our results should be interpreted as "local" to those who were affected by our IVs. Figure 1 shows that the annual risk of an ED visit increases steadily as individuals take additional drugs until 12 different drugs (average marginal effect of an additional drug at 12 drugs is 5 percent).
The incremental risk of being hospitalized is similar: Figure S1 shows that the annual risk of an individual being hospitalized increases until 17 drugs (average marginal effect of an additional drug at 17 drugs is 5 percent).
The second-stage results also suggest there is no independent relationship between our income variables and the use of hospital services. Our health variables were significant predictors of utilization in some estimations, but not consistently so. Poor self-assessed health was a significant predictor of ED visits in Model 1, but not in Model 2; however, the number of ADGs was a significant predictor of hospitalization in Model 2. Unsurprisingly, previous utilization was strongly associated with current utilization. Finally, being in the oldest age group was generally a significant predictor of ED visits and hospitalization.
Postestimation and Sensitivity Tests
To test the fit of our models, we calculated positive predictive values (PPVs) and negative predictive values (NPVs). The PPV for our estimation of the probability of an ED visit and hospitalization were between 66.83 and 69.90 percent and between 62.50 and 63.40 percent, respectively. Meanwhile, the NPV were 74.22-75.61 percent and 87.05-87.96 percent, respectively (see 
Notes.
All estimates are statistically significant at p < .001. All standard errors are bootstrapped with 300 replications.
Marginal effects were calculated using the margins command in Stata 13 (see Appendix SA2). 2SRI, two-stage residual inclusion; 2SLS, two-stage least squares; AME, average marginal effect; Coef, coefficient (linear probability); IV, instrumental variable; SE, standard error). Table S2 ). We also computed a correlation matrix on our independent variables to determine if there was any evidence of multicollinearity; however, there were no strong (>0.7) correlations between any of the independent variables in our models.
We also estimated our model using linear two-stage least squares (2SLS) and interpreted our second-stage estimation as a linear probability model. This did not alter our conclusions, but it did increase the magnitude of the effect of polypharmacy on the probability of an ED visit and hospitalization (see Table 3 ). In particular, when the IV was standardized prescriber volume, the estimated probability of an ED visit was 16 percent higher and the estimated probability of a hospitalization was 6 percent higher than the 2SRI estimates. When the IV was number of unique prescribers, the estimated probability of an ED visit was 56 percent higher and the estimated probability of a hospitalization was 104 percent higher. Given the 2SRI is more consistent in predicting nonlinear outcomes, we decided to interpret the more conservative estimates produced by the 2SRI.
We also estimated a bivariate probit without instruments to determine the impact this had on our second-stage estimation (see Table 3 ). The magnitude of the effects remained within the bounds of our two IV estimates. 
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Compared to our 2SRI estimates with standardized prescriber volume as the IV, the probability of an ED visit was 2 percent higher and the probability of a hospitalization was 27 percent higher. Compared to our 2SRI estimates with the number of unique prescribers as the IV, the probability of an ED visit was 41 percent lower and the probability of a hospitalization was 21 percent lower. Finally, in all estimations, the bivariate probit model produced significant rho statistics (p < .001), which suggests our outcomes are related and that the simultaneous model was appropriate.
DISCUSSION
Our findings suggest that increased prescription drug use among older Ontarians has the effect of increasing the likelihood of both being admitted to hospital and visiting a hospital ED. On average, seniors consume seven different medications in a given year, which is consistent with national estimates (CIHI 2014) . Each additional medication is associated with between (on average) a 2-3 percent increase in the likelihood of hospitalization. This effect increases until the seventeenth drug prescribed where the marginal effect is 5 percent. Each additional medication is associated with a 3-4 percent increase in the likelihood of an ED visit. This effect increases until the twelfth drug prescribed where the marginal effect is 5 percent. It is important to note that these effects are conditional on the other patient and physician characteristics included in the model. These findings are consistent with the literature that has demonstrated the health risks of multiple-medication use, but it is inconsistent with findings from the United States. It is possible that the contradiction with the U.S. findings is due to institutional differences in the U.S. and Canadian health care systems. In 2011, approximately 16 percent of the U.S. population was uninsured (nearly 50 million residents), and 30 million of those who are insured are considered "underinsured" with high out-of-pocket expenses relative to income (Thomson et al. 2013) . Meanwhile, in Canada, provincial governments provide coverage of "medically necessary" physician, diagnostic, and hospital services, which includes inpatient prescription drugs (Thomson et al. 2013) . In Ontario, residents also receive public universal insurance for prescription drugs if they are 65 years of age or older, live in a long-term care home, are enrolled in a home care program, have high drug costs relative to income, and/or receive social assistance. The impact of cost barriers on the appropriate use of prescription drugs can also be measured by surveying the population about cost-related nonadherence. The U.S. population reports much higher rates of cost-related nonadherence than the Canadian population (23 percent vs. 8 percent), and even though cost barriers are significantly reduced for seniors in both countries the rate of cost-related nonadherence is still twice as high in the United States as in Canada (9.2 percent vs. 4.6 percent) (Kennedy and Morgan 2009 ). Therefore, it is possible that the differential effect we see in Canada and the United States is a result of access to affordable prescription drugs. In the United States, improved access through programs like Medicare Part D reduced hospital service utilization and costs, while in Canada increased consumption may have the effect we would predict based on the adverse drug reaction literature.
Our study has some important limitations. First, this analysis was conducted on a cross-sectional basis. While we did have 2 years of data on some variables (e.g., past utilization), our estimates may be more reliable and efficient if we were able to take advantage of longitudinal data. In any study that uses cross-sectional data, it is always difficult to make causal claims about the relationships between variables; however, we hope that by using an IV approach we can be more confident in the relationship between drug consumption and hospital service utilization. Finally, we were not able to include physician utilization in our analysis. While we had physician data, there was very little variability in this outcome (given that we included only seniors in our analysis), and we did not have a suitable IV.
In spite of these limitations, this study provides further support for the hypothesis that multiple-medication use is associated with net risks. It will be important for future research to identify the causes of increased risk of hospitalization due to multiple drug use and to disentangle the effects of specific drug categories that are inherently risky from interactions between different drugs, which would have different implications for prescribing practices. For instance, previous studies have found some drug categories such as anticoagulants and opioids to be most important in explaining hospitalizations due to adverse events than others (CIHI 2013) . Also there are well-established lists of potentially inappropriate medications, such as the Beers list that was recently updated by the American Geriatric Society (AGS) (2015) . Regular monitoring of the use of medications on this list and establishing protocols for reducing the prescribing of these drugs will likely help to reduce the risks of drug use among the senior population.
CONCLUSIONS
Overall there appear to be health risks associated with the use of medications among the older population, as indicated by the modest but significantly elevated risk of hospitalization and ED visits with increasing medications in the Ontario population. The risk appears to increase steadily with increasing prescriptions; the highest marginal risk for an ED visit appears among those who take over 12 drugs, while the highest marginal risk for hospitalization appears among those who take over 17 different drugs in a year. With respect to broader policy implications, our results raise questions about the appropriateness of medication use among seniors and the need for increased oversight of current prescribing practices. There is emerging evidence that not only is it possible to reduce the number of different drugs taken by seniors but also that drug discontinuation can lead to health benefits (Garfinkel and Mangin 2010) . However, in most jurisdictions, prescribing of pharmaceuticals is at the discretion of the health care provider, and self-governing bodies handle incidents of malpractice. It may also be beneficial to increase public education about the consequences of the overconsumption of pharmaceuticals so patients can have more intelligent conversations with their providers. endorsement by ICES or the Ontario MOHLTC is intended or should be inferred. Parts of this material are based on data and information compiled and provided by the Canadian Institute for Health Information (CIHI). However, the analyses, conclusions, opinions, and statements expressed herein are those of the authors, and not necessarily those of CIHI.
Disclosures: None. Disclaimers: None. Figure S1 . Average Marginal Effect of Number of Unique Drugs on the Probability of Hospitalization, with 95 Percent Confidence Interval.
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